The sol-gel process is a friendly room temperature method to prepare transparent glasses in the form of monoliths, films, and fibers. The zinc oxide films have been obtained by sol-gel method, which are very important materials in the ceramic technology due to their piezoelectric properties and applications in various pressure transducers and acoustic-optic devices, surface and bulk acoustic wave devices, and solar cells. Structure and characteristic ultraviolet-blue emissions of amorphous and crystalline zinc oxide thin films-coated glass substrates by dip-coating deposition are explained by photoluminescence studies in this chapter.
Introduction
Sol-gel method is a very attractive chemical route due to its simplicity and flexibility in the use of different source materials that allow to synthesize amorphous and polycrystalline materials at low cost. The focus of this chapter is to expand on that knowledge about this method as an efficient route to obtain amorphous and crystalline ZnO thin films particularly. It is well known that the ZnO thin films are very important materials in ceramic technology and thin films technology due to numerous properties, while the ZnO nanocrystals with high stability at low processing temperatures have applications in displays, emitters, and sensors. The optical properties of excitons confined in the ZnO nanocrystals were studied by optical absorption, infrared spectroscopy and photoluminescence studies. The photoluminescence mechanisms of the violet and blue emissions are discussed in detail.
Sol-gel process
Materials prepared by the sol-gel process have become the source of an important field of research in materials science since the 1970s. The sol-gel process is a room temperature method of preparing transparent inorganic glasses without melting [1, 2] , which is much lower compared to the high temperatures needed by standard glass manufacturing processes. The fabrication of glasses or ceramic materials involves a set of reactions such as hydrolysis and condensation that convert an aqueous metal alkoxides [2] with a molecular formula of M(OR) n into different types of inorganic networks. The advantage of this process has the advantage of being able to yield high purity inorganic oxide glasses, besides versatile in creating different types of materials (thin films, spun fibers, particles, aerogels, and xerogels).
As the name implies, the sol-gel process is the conversion of a sol to a gel. The sol-gel process is therefore a series of hydrolysis and condensation reactions of the inorganic alkoxide monomers that forms colloidal particles (sol) and converts them into a continuous network (gel). Usually for the preparation of silicate materials, tetramethoxysilane (TMOS) or tetraethyl orthosilicate (TEOS) is the most popular alkoxides. TEOS can be hydrolyzed and condensed under relatively mild conditions to manufacture silica gels. The hydrolysis step of TEOS can be represented as the Equation: Si(OEt) 4 + H 2 O → HO-Si(OEt) 3 + EtOH. The first step in this equation is the generation of a silanol group (Si-OH) and the corresponding alcohol. The second step is the condensation of the silanol group. This step can occur in two different ways and is represented by the equation HO-Si(OEt) 3 
The process continues as the silanol groups condense with other silonols groups or with an alkoxide. If the silonols condense with an alkoxide, they make siloxane bonds (Si-O-Si) that have water or an alcohol as a byproduct. By repeating these steps many times, a gel or a solid material is generated. The hydrolysis reaction can be greatly influenced by the presence of an acid or a base. Conducted in the presence of an acid catalyst, the hydrolysis step involves the electrophilic attack from the proton on the alkoxide oxygen atom resulting oxygen having a positive charge. This leads the bond between the silicon center and the oxygen that was attacked to become more polarized and facilitates the departure of the alcohol to form the silanol bond. In the case of a base catalyzed reaction, the hydroxyl attacks the silicon atom, and the alcohol group leaves to form HO-Si(OEt) 3 . The hydrolysis reaction is much faster under acidic condition than under basic.
The pH of the solution also affects the condensation rates of the reaction which happens in two steps. The first step is the electrophilic attack of the proton on the oxygen of the silanol group. The second step is the formation of the siloxane bond after the loss of the hydronium cation. Similarly under basic conditions, the condensation reaction also has two steps. The hydrogen on the silanol group gets deprotonated by the hydroxide ion leaving a negatively charged oxygen on the silanol. This results in the formation of the siloxane bonds. The condensation rate under basic conditions is faster than that under acidic conditions.
Because the hydrolysis and condensation rates differ depending on the catalyst used, the structures can also be controlled by using the right catalyst. For acid catalysis, the hydrolysis reaction is faster than the condensation reaction. As a consequence, a network with less siloxane bonds and more silanol groups yields more linearly branched polymeric species. This makes this catalyst the preferred method for the formation of thin films. On the other hand, the condensation reaction is much faster using base as a catalyst. Therefore, there are fewer silanol groups in the network. The network then consists of highly branched clusters, which yields denser materials. This is the method used for the formation of particles.
The typical mixture involves TMOS or TEOS, water, a solvent as methanol or ethanol followed by the addition of a catalyst (hydrochloric acid, for example). During the sol-gel formation, the viscosity of the solution gradually increases as the sol, which is a colloidal suspension of small particles with sizes about 1-100 nm that are well dispersed in a liquid. It becomes interconnected through polycondensation reactions to form a rigid, porous network that contains a phase of continuous liquid, the gel. The gelation stage will take place depending of the conditions as Si:H 2 O ratio, type and concentration of catalyst, alkoxide precursors, etc. This stage can spend from seconds to minutes, or days to months. In the final stage, drying, the alcohol and water evaporation from the pores produces the gel shrinks.
The advantages of using the sol-gel process are (1) the method is performed at room temperature so molecules that could easily denature at higher temperatures can be added to the glasses [3] , (2) it allows the easy fabrication of the materials in various configurations such as monoliths, powders, fibers, and films (Figure 1) , (3) the material is transparent so spectroscopic studies can be used to probe the chemistry going on in the material, (4) the chemical properties of the sol-gel-derived oxides can be manipulated by incorporating organic, organometallic, and inorganic functional groups into the gel framework [4] , (5) the materials are chemically, photochemically, and electrochemically stable, and (6) the matrix can stabilize the entrapped reagent from photodegradation, oxidation process, or not friendly environments. Thin films are utilized as chemical sensors applications due to the short path length for diffusion. Bulk monoliths are often used for spectroscopic measurements due to their longer optical path length, while the powders are used in catalysis applications due to their high surface area.
As mentioned before, sol-gels can be made into powders, monoliths, films, and fibers. Monoliths can be prepared by casting the sol into a mold of any size or shape. The monolith undergoes gelation, aging, and drying to form the final xerogel. Films can be made by either spin coating [5] or dip coating [6] the sol onto a substrate, see Figure 2 . Spin coating is a technique used since the 90s used to deposit thin films on different types of flat substrates. Placed a drop of liquid or semi-liquid precursor solution centered on the substrate (glass, silicon, etc.), which rotates at a high speed, around 3000 or 4000 rpm causing that the fluid is spread by the action of the centripetal acceleration. The thickness and properties of the final film depend on the precursor solution (viscosity, concentration, surface tension, etc.), as well as the spin-coater parameters as the rotational speed, time, and revolutions per minute (rpm). Any variation in the values of these parameters can alter the thickness and properties of the coated film. A precursor solution was placed on the glass wafers (2.5 × 2.5 cm 2 ) using a dropper and spun at a rate of 4000 rpm for 15 s, for example.
The technique of spin coating is widely used in the photolithography, in the manufacture of films with thicknesses lower than 10 nm, and to deposit photoresistances of near a micrometer wide.
Amorphous and crystalline ZnO thin films can be produced via a combined sol-gel route with spin-coating technique. First, a ZnO precursor solution can be prepared by sol-gel process. Then, this solution can be deposited on glass and silicon wafers by spin-coating technique to obtain amorphous thin films. Crystalline films are obtained by calcination process between 450 and 550°C to produce ZnO nanocrystals into the films [7] . [5] and (b) dip-coater device [6] , both used to deposit sol-gel thin films on to silicon or glass substrates.
Photoluminescence
Luminescence is the process of emission of light by atoms or molecules excited. There are three types of luminescence procedures: molecular fluorescence, phosphorescence, and chemiluminescence. In these procedures, the molecules of the analyte are excited to give species whose emission spectrum provides information for qualitative or quantitative analysis.
A molecule in the ground state is raised to the excited state due to the absorption of photons that have enough energy. The excited molecules undergo a vibrational relaxation of the level of energy toward the lowest excited state by nonradiative processes and then return to ground state by emitting photons. The phenomena of fluorescence and phosphorescence fall within this definition, and therefore, the two phenomena are often referred by the general term photoluminescence. The fluorescence differs from phosphorescence by the electronic energy transitions which do not imply a change in electron spin. In terms of decay, the fluorescence is a radiative decay of the singlet state to the ground state occurring almost immediately, in about 1 ns. On the contrary, the time of half-life of triplet states is very large. This is why its decay to the ground state results in phosphorescence produced via one photon, since it can also decay by nonradiative processes. The chemiluminescence is based upon the emission spectrum of an excited species that is formed during a chemical reaction. Sometimes, the excited particles are produced by this reaction between the analyte and a suitable reagent (as a strong oxidant such as ozone or hydrogen peroxide), and a spectrum characteristic of the oxidation product of the analyte is observed instead of the analyte itself.
The main features of the luminescence methods are the sensitivity and selectivity. The luminescence tends to be three orders of magnitude smaller than those encountered in absorption. The selectivity of the luminescent is usually higher than that for absorption. There are many species capable of absorbing radiation, but the number of them that can reemit is much smaller; besides the excitation wavelength, as the emission can be selected to minimize interferences, while in spectrophotometry, only the wavelength of absorption is selectable.
Other advantage of photoluminescence method is their large linear concentration ranges, which are often significantly greater than those encountered in absorption methods. Finally, the selectivity of luminescence procedure is often better than that of absorption methods.
Luminescent materials have been used for more than a century for ionizing radiation detection, and the search for new and more efficient detector materials has been intense. Currently, a new promising direction of this research has emerged as the luminescence of nanocrystals. The basis for this is the observed luminescence intensity dependence on nanocrystal size [8] . The observed greater luminescence intensity for smaller size nanocrystals is explained by enhanced oscillator strength of the excitons [9] .
Singlet/triplet excited states
A molecular electronic state in which all electrons spins are paired is called a singlet state, and no splitting of energy level occurs when the molecule is exposed to a magnetic field (the effects of the nuclear spin are negligible). On the other hand, the ground state for a free radical is a doublet state since the odd electron has two orientations in a magnetic field, resulting slightly different energies to the system.
A singlet or a triplet state is allowed if one of a pair of electrons of a molecule is excited to a higher energy level. In the excited single state, the spin of the promoted electron is still paired with the electron that is the ground state, while, in the triplet state, the spins of both electrons disappear. Figure 3 shows a representation of both states. Figure 4 shows a partial energy level diagram for a typical photoluminescent molecule. The lowest heavy horizontal line represents the ground state energy of the molecule, which is a single state labeled as S 0 . At room temperature, this state represents the energies of essentially all of the molecules in a solution.
Energy level diagrams for photoluminescent molecules
The heavy lines above are energy levels for the ground vibrational states of three excited electronic states. The two lines on the left represent the first (S 1 ) and second (S 2 ) electronic singlet states. The one on the right (T 1 ) represents the energy of the first electronic triplet state. As usually happens, the energy of the first excited triplet state is lower than the energy of the corresponding singlet state. Several vibrational energy levels are associated with each of the four electronic states, as suggested by the lighter horizontal lines.
The excitation of this molecule can be brought about by absorption of two bands of radiation, one centered about the wavelength λ 1 (S 0 → S 1 ) and the second around the shorter wavelength λ 2 (S 0 → S 2 ). The direct excitation to the triplet state is not shown. This transition does not occur to any significant extent, because this process involves a change in multiplicity, and even that, it has a low probability of occurrence, it is called a forbidden transition. 
Recent Applications in Sol-Gel Synthesis
The luminescent material ZnO exhibits two groups of luminescence bands: (i) in the region 1.8-2.4 eV due to defects and (ii) in the region 3.1-3.3 eV due to excitons [10] . The exciton luminescence lifetime is below 1 ns in ZnO [11] , and therefore, it is possible to obtain a very fast scintillator. Luminescence of ZnO has been studied for thin films [12, 13] , nanocrystals suspended in propanol [14] , and nanocrystals embedded in solid matrices [15] .
The luminescence can be influenced by the interface layer between a nanocrystal and the matrix [16] . ZnO nanocrystals (i.e., not embedded in any matrix) can modify the surface and luminescent properties. Table 1 contains the main properties of the Zinc oxide (ZnO) [17] [18] [19] [20] [21] , which is a semiconductor with a direct band gap of 3.37 eV at room temperature, and has a very stable even at room temperature which guarantee more efficient exciton emission at higher temperatures. The ionicity of this semiconductor resides at the borderline between covalent and ionic semiconductors. The difference of the electronegativities between the zinc and oxygen produces a high degree of ionicity in the bond. This produces an intense repulsion between the clouds of the charges from neighboring atoms with similar electrical loadings, making its crystalline structure more stable as hexagonal type, wurtzite. Due to its excellent chemical and thermal stability and specific optoelectronic properties, the ZnO has been used as photonic crystals, field emissions, photodetectors, photodiodes, light-emitting diodes, solar cells, varistors, gas sensors, and photocatalytic materials. Besides, the zinc oxide is a nontoxic material, it does not cause skin and eye irritation and there is no evidence of carcinogenicity, genotoxicity and reproduction toxicity in humans. There have been some concerns about the potential adverse effects on human health or the environment. Nevertheless, the current evidence shows that the ZnO particles or nanoparticles do not penetrate cells of the skin and remain on the outer layer of undamaged skin (the stratum corneum) with low systemic toxicity. Recent Applications in Sol-Gel Synthesis
Zinc oxide

Technological applications
Zinc oxide has a wide variety of applications as luminescent material, such as vacuum fluorescent displays due to its room temperature ultraviolet emission and nonlinear optical properties. The combination of being a large-bandgap semiconductor and a luminescence material has allowed to study as nanostructured ZnO such as nanoparticles, nanowires, nanobelts, and nanotube [22] . Due to its crystalline structure, wurtzite, the ZnO has three exciton states called A, B, and C, whose energies are 3.3768 eV (367 nm), 3.3834 eV (366 nm), and 3.4223 eV (362 nm), respectively [21] .
Specifically, the ZnO as thin film has relevant applications in ceramic technology and thin films technology [23] [24] [25] . ZnO nanocrystals with high stability at low processing temperatures have applications in displays, emitters, and sensors [23] . As films, exhibits a combination of piezoelectric, electrical, optical, and thermal properties, which have been already applied in devices as gas sensors, ultrasonic oscillators, and transparent electrodes in solar cells. Literature reports that pure and doped ZnO films have been produced by chemical vapor deposition, sputtering, spray pyrolysis, and the sol-gel process just to mention some methods of synthesis. At this point, our attention will be focus on the sol-gel route in combination with the dip-coating process to produce ZnO thin films, which represents an easy low cost and efficient route to coat large surfaces, permitting also the tailoring of the microstructure from the chemistry of the sol-gel synthesis [22, 24] .
Special attention is deserved to the application as optoelectronic devices. On one hand, the fact of having the same crystal structure (with a difference of 2.0% and 0.5% for the parameters a and c, respectively) than the GaN [12] , the material most studied so far for this application makes the ZnO an excellent substrate for heteroepitaxial growth. Its high exciton binding energy can permit the stimulated emission at temperatures higher than the environmental values (~550 K). All these properties have made that the study of ZnO has grown exponentially in recent years, especially after obtaining stimulated emission at room temperature in ZnO layers.
ZnO compounds doped with impurities are used as photoconductors in electrophotography, ceramic varistors, and sensor elements in the detection of combustible gases. As thin film, ZnO can exhibit piezoelectric properties, which can be used in pressure transducers and several acoustic-optical devices. ZnO doped with Al and I is used as transparent conductive electrodes to construct fluorescent screens because of their non-linear optical properties, and as solar cells made with ZnO, colloids show quantum size effects and luminescence. Furthermore, by it being ZnO oxide semiconductor material and the bandgap at room temperature, it becomes an emitter potential ultraviolet light at room temperature (such as ZnSe and GaN). Another important property of this material is the photocatalysis, which means that under illumination, this material can degrade organic pollutants, such as polluted water [25] . In this aspect, the ZnO shares this property with TiO 2 whose bandgap is 3.2 eV. But unlike the latter, the ZnO is not degraded by the photocorrosion. As gas sensor, it is known that ZnO is a good sensor of methanol, ethanol, propyl alcohol, LPG (Liquefied petroleum gas), carbon monoxide, and hydrogen.
The preparation as films has great advantages over other sensors. Since they can be manufactured in small sizes at large scale and at a lower cost, they are highly compatible with microelectronic and circuit technology, and additionally, incorporating impurities can give greater sensitivity ZnO film [22] .
Crystal structure of ZnO: wurtzite
Under ambient conditions, the crystal structure of ZnO, wurtzite, is the most stable phase thermodynamically [26] . It has a hexagonal unit cell with two lattice parameters a and c, which ratio, and it is catalogue in the space group according to the Schöemflies notation and P6 3 mc in the Hermann-Mauguin notation. The parameters cell are a = b = 0, 381 nm and c = 0, 623 nm. Two hexagonal close-packed (hcp) sublattices interlace, each one consists of one type of atom displaced with respect to each other along the threefold c-axis by the amount of u = 3/8 = 0.375 in fractional coordinates. It consists of zinc and oxygen atoms tetrahedrally coordinated stacked according to the sequence ABABAB [27] . In such structure, the atoms are sufficiently far apart to compensate for the electrostatic repulsion. Each zinc atom is surrounded by a tetrahedron of four oxygen atoms and vice versa, which can be seen in Figure 5 . 
Optical properties of ZnO thin films
As mentioned above, the interest in ZnO has been motivated by possible optoelectronic applications. This is because it seems to be able to replace the compounds based on GaN that currently are used in optoelectronic devices as LEDs, laser diodes, and photodetectors that operate in the blue or UV range being cheaper and nontoxic. Other important factor that influences in this selection is the similarity of its band gap energy (3.37 eV at room temperature) with that of GaN (3.39 eV at room temperature) and the exciton binding energy of ZnO (60 meV) which is larger than that of GaN (18-28 meV) . It can be useful in light-emitting devices. Emission properties of ZnO nanocrystals are influenced by many factors such as synthesis method, morphology of the crystals, dopants, and ligands used for surface coating.
Infrared spectra
Typical absorption spectra from amorphous and crystalline ZnO thin films taken at room temperature in the range of 300-900 nm are shown in Figure 6 . The absorption spectrum of the amorphous film does not exhibit any band. After calcination process between 400 and 500°C [25, 26, 28] , the spectrum of the crystalline film shows a narrow absorption peak A located around at 359 nm due to free excitons [21] .
Optical absorption spectra
Other optical characterization on ZnO films is performance by infrared spectroscopy, shown in Figure 7 . For amorphous and crystalline films, similar absorption bands were observed, and their respective assignment is described at ], of the amorphous and crystalline ZnO films.
Photoluminescence studies on ZnO thin films
Photoluminescence studies have been performed on ZnO thin films by different emissions as near ultraviolet, red, green, and blue. However, the recombination centers and possible mechanisms to explain the mentioned emissions are not clear totally. A crucial factor is the fact that the luminescence of the ZnO is very sensitive to its surface state determined and modulated by the synthesis method. Also, the kind of substrate can influence the luminescence of the film ZnO deposited on it. Although these factors can lead to different optical phenomena, in general, all published works coincide in the assignment of the emission bands mentioned.
Particularly, the sol-gel method can be an appropriated route to maximize the luminescent properties of the ZnO films. Typical room temperature luminescence emission spectra of ZnO nanocrystals (crystalline film) synthesized by sol-gel method are shown in Figure 8 . The luminescent response of these nanocrystals, the amorphous film, and the silicon wafer was compared. The excitation wavelength of ZnO was 359 nm, which coincides with the maximum absorption ( Figure 6 ). The D and E bands located at 561 nm and 626 nm correspond only to the substrate, silicon wafer. Three main luminescent bands from ZnO were identified as A, B, and C. Table 3 summarizes the maximum emission peaks for amorphous and crystalline ZnO films. Their luminescence behavior is identified with a small violet emission A band and a narrow blue emission B and C bands.
The visible emission of the ZnO films is related to different intrinsic defects, such as oxygen vacancies, zinc vacancies, zinc interstitials, oxygen interstitials, and anti-site defect O Zn [32] .
The luminescence emission characteristics of ZnO films are dependent on both the crystal quality of the film and the film stoichiometry [32] .
From Figure 8 , among the most notable differences is the shape of all bands, which is more defined from crystalline film than amorphous film. The intensity of the photoluminescent peak arises for crystalline film in comparison to the amorphous one [33] . The crystallization of the ZnO film increases the visible emissions due to the increase of the excess oxygen concentrations and oxygen interstitials [4] . A slight blue shift means an improvement in the emissions [33, 34] .
The violet emission peak located at 413-411 nm is due to the electron transition from the conduction band edge to the Zn vacancy level [33] . Figure 9 shows the calculated energy levels of the intrinsic defects in ZnO applying full-potential linear muffin-tin orbital method [35] . Since it can be observed, the energy of the transition from conduction band to the Zn vacancies (V Zn ) corresponds to a violet emission with an energy of 3.0 eV [36] . Probably, these vacancies are on the grain boundaries. Other defects are the oxygen interstitial and oxygen antisite (O Zn ) which also favor the formation of an oxygen-rich environment.
The blue emission band observed at 456-455 nm (2.7 eV) could be produced by the electron transition from the shallow donor level of oxygen vacancies [28] and zinc interstitials [37, 38] to the valence band. Oba et al. report that the oxygen vacancies and zinc interstitials possess formation energies [37] [38] [39] . Oxygen vacancies produce two defect donor levels: One is the deep donor level located at 1.3-1.6 eV below the conductor band [40, 41] and the other is the shallow donor level below the conductor band in the range of 0.3-0.5 eV [41] . Valverde et al. calculated photon energy of the 2.7 eV from blue emission, which coincides with the value of 2.8 eV for the energy interval from the shallow donor level to the top of the valence band. Also, the energy level of zinc interstitials was located at 2.9 eV above the valence band for the samples with an energy gap of 3.36 eV [40] . For ZnO film with an energy gap of 3.4 eV, the energy level of zinc interstitials was around 2.72 eV above the valence band, which corresponds to a blue emission with a photon energy of the 2.7 eV (Figure 9) . Finally, the blue band emission located at 475-474 nm (2.6 eV) from ZnO has been reported, but its exact origin has not been explained yet. Table 3 . Maximum emission peaks from amorphous and crystalline ZnO films.
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Recent Applications in Sol-Gel Synthesis
Zinc oxide has been an important industrial material for centuries and is currently the subject of considerable new interest. As luminescent material, it has potential technological applications. Its different emissions as near ultraviolet, red, green, and blue can be substantially altered by the kind of substrate where the film is deposited and the synthesis method. Without a doubt, the sol-gel method is a friendly route to obtain uniform and stable zinc oxide films with high optical quality. Up to this time, the assignment of the emission bands is similar for different synthesis and substrates.
